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Abstract 

Purpose: Quantitative magnetic resonance imaging (qMRI) metrics, including T1ρ and 

T2*, exhibit considerable promise as image-based biomarkers to monitor the progression 

of osteoarthritis and post traumatic osteoarthritis. The potential for tracking disease 

progression utilizing these metrics may be further enhanced with the joint under loaded 

conditions, as an abnormal response to loading may contribute to cartilage degeneration. 

Reliability and repeatability studies for T1ρ and T2* measurements have yielded variable 

results, compared surgical to non- surgical knees, employed diverse sample regions of 

interest, and acquired images under traditional non-weight bearing knee conditions. The 

purposes of this study are to quantify side-to-side and visit-to-visit repeatability of T1ρ 

and T2* in healthy subjects in both unloaded and loaded cartilage, and to evaluate how 

ROI selection affects the variability of relaxation times. 

Materials and Methods: Ten healthy participants (6 female, 4 male) underwent bilateral 

qMRI over two visits (7±3 days apart) on the same Philips 3T MR system. After scanning 

without load, each knee was imaged with a 40% body-weight external load applied to the 

knee using a custom-built MRI-compatible loading device. Interclass correlation 

coefficients (ICC) and ANOVA with statistical significance of p < .05 were used to 

analyze left-to-right and visit-to-visit differences. 

Results: Across all ROIs, T1ρ ICCs ranged from 0.13-0.77, while T2* ICCs ranged from 

0.22-0.82. Across all ROIs, left-to-right mean differences were 2.6 ms for T1ρ and 1.9 ms 

for T2* and visit-to-visit, mean differences were .003 ms for T1ρ and -0.2 ms for T2*.   

Conclusion: Quantitative MRI has fair repeatability, with tibial cartilage generally better 

than femoral cartilage, but may be affected by ROI selection and subject to a limb 

sidedness bias that needs further investigation. 
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Introduction 

Quantitative magnetic resonance imaging (qMRI) measures have been shown to 

correlate with articular cartilage matrix component composition (1). For example, T1ρ 

relaxation times are negatively correlated with cartilage proteoglycan content, and 

positively correlated with water content (2), while T2* relaxation times are correlated 

with changes in cartilage collagen matrix orientation (3). Indeed, qMRI measures have 

shown promise as potential image-based biomarkers for studying the early changes in 

cartilage and meniscus matrix composition associated with primary osteoarthritis (OA) 

progression. Similarly, there is evidence that qMRI changes may be associated with the 

onset and progression of post traumatic osteoarthritis (PTOA) that precede structural 

changes about the knee (4-6). It is thought that qMRI can be applied to quantify early 

alterations in metabolism of articular cartilage and meniscus matrix (i.e. the synthesis and 

cleavage of matrix components that occurs early in the PTOA and OA disease process) 

prior to the changes that are observed with the use of conventional clinical MRI. 

Abnormal loading of the articular cartilage and meniscus about the knee has been 

hypothesized to lead to cartilage degeneration (8). Consequently, an understanding of 

how load affects cartilage matrix composition may provide valuable insight into the 

pathogenesis and progression of OA and PTOA (9). Application of compressive loads to 

the knee joint that replicates body weight loading can be accomplished by having the 

subject stand upright in an open bore MRI, or with a device that applies compressive 

loading to the knee with the use of traditional closed bore MRI. With both approaches 

MRI scanning parameters are usually chosen with consideration of minimizing 
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acquisition time due to load application, as subject comfort and tolerance to external load 

and the subsequent motion artifact that may occur, must be considered. Consequently, 

shorter scans may suffer from reduced resolution and produce noisier, more variable 

qMRI metrics. It is also important to note that scans are performed one knee at a time to 

take advantage of specialized coils with multiple channels. While this reduces time for 

the first knee scanned, the knee that is scanned second experiences longer times of non-

weightbearing, possibly introducing bias into the results as cartilage is a viscoelastic 

tissue depends on the temporal history of loading/ unloading. It is therefore imperative to 

understand the reliability of these scans in both knees in both loaded and unloaded 

conditions. 

While T1ρ measures, without application of an external load, have been shown to 

be reliable and repeatable (10), very little is known about the reliability and repeatability 

of T2* acquisitions, which is thought to be relatively insensitive to the magic angle 

effect. Further, limited information has been published on the reliability and repeatability 

of both sequences when the knee is supporting load. Another potential confounding factor 

is the high amount of variability associated with methods that have been used to acquire 

qMRI scans (10). In addition, there does not appear to be a common approach for the 

methods used to post-process the T1ρ and T2* data including segmentation, registration, 

and decay curve fitting. Moreover, several different methods for defining the regions of 

interest (ROIs) have been used. For example, one approach has been to analyze only 

select slices (11), while another approach has been to analyze the entire cartilage volume 

to generate relaxation times. New evidence suggests that a laminar analysis that considers 

deep and superficial articular cartilage separately may provide different qMRI measures, 
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with T2* being particularly sensitive to changes in the deep zone of cartilage (12). An 

improved understanding of how the ROI selection affects the reliability of qMRI 

measurements would be beneficial, especially considering most research reports only one 

uniquely defined ROI in the results.  

Reliability and repeatability of T1ρ and T2* relaxation times should be analyzed 

and understood in healthy subjects as these data are essential for determining if the early 

changes in cartilage matrix that are associated with PTOA can be quantified by these 

qMRI measurement techniques. This information is important for interpreting changes of 

relaxation times acquired from subjects that have suffered knee trauma or are at increased 

risk for PTOA using both between knee study designs, (i.e., using the healthy knee as a 

control), and within-knee longitudinal study designs. In order to determine the magnitude 

of qMRI relaxation times that are pathological and attributed to a disease process such as 

PTOA, a necessary first step is to establish the variance within the measure itself (e.g., 

location in relation to B0 using phantoms), as well as normal variance in subjects with 

healthy knees. Therefore, the purposes of this study are to quantify visit-to-visit reliability 

and left-to-right knee differences of T1ρ and T2* metrics in healthy subjects with the 

knee in unloaded and loaded conditions, and to determine how ROI selection affects the 

variability of the qMRI relaxation times. We hypothesized there will be no effect of side 

and visit on qMRI metrics obtained with the knee unloaded and loaded, and that the visit-

to-visit ICCs will improve with larger ROIs due to incorporation of more voxels. 

Methods 

Subjects and Study Design 



 
 

4 
 

Ten participants (6 female, 4 male) with no known history of lower extremity 

injury were recruited and provided written consent prior to participating in this university 

IRB-approved study. Subject demographics were: age (±SD) 23 (±2.4) yr, weight 77.1 

(±13.2) kg, height 1.75 (±0.08) m. Data were collected at two visits, separated by a mean 

of 7 (±3) days. Each visit was comprised of a 15-minute off-loading period during which 

the subject sat in a wheelchair with their knees unloaded, followed by T1ρ and T2* 

acquisition with the left leg unloaded, T1ρ and T2* acquisition with the left leg loaded, 

and finally T1ρ and T2* acquisition with the right leg unloaded and then loaded. This 

protocol was repeated on visit 2 (Fig. 1). 

 

 

Figure 1: Study visit structure. Depicts scanning order moving from top to bottom 

over both visits. 
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MRI Acquisition 

During each visit bilateral MRIs of the participants knees were acquired on the 

same Philips 3T MR system (Achieva, Philips Healthcare, Best, The Netherlands) with a 

16 channel transmit-receive radiofrequency knee coil. A 40% body-weight load was 

applied to the plantar aspect of the subjects’ foot during loaded scans using a custom-built 

MRI-compatible loading device described by Ramsdell et al. (13). (See Supplemental 

Figures 1 and 2 (Figs. S1 and S2) for an illustration of loading device.) The same 

investigators positioned the subject in the scanner and carried out the acquisitions for all 

subjects at both visits. Subject alignment was recorded to replicate positioning of their 

legs between visits. Alignment measures taken included adjusting greater trochanter and 

lateral malleolus height to ensure full knee extension by orienting them level to the lateral 

epicondyle of the knee, hip abduction/adduction, ankle inversion/eversion, and hip 

internal/external rotation positions were all recorded and duplicated between visits. 

A single three-dimensional (3D) acquisition in the sagittal plane comprised of 

four spin lock times of 0, 10, 40, and 80 ms at a spin lock frequency of 500 Hz was used 

to collect the data necessary to calculate T1ρ relaxation times (Table 1A). This protocol 

utilized a prepared angle modulated partitioned k-space spoiled gradient echo snapshots 

(3D MAPSS) sequence (14). Acquisitions were reconstructed to a voxel size of 0.49 x 

0.49 x 1.5 mm3 over a field of view of 250 x 141 x 96 mm3.  

The T2* sequence was acquired using a 3D gradient echo sequence with spiral-

out k-space and stack of spirals trajectory sampling strategies (Table 1B). Multiple 

individual acquisitions for a total of five echo times (0.42, 1.0, 5.0, 15.0, and 30.0 ms) in 

the sagittal plane were acquired and used to calculate T2* relaxation times. Images were 
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reconstructed to a voxel size of 0.44 x 0.44 x 2 mm3 over a field of view of 140 x 140 x 

96 mm3.  

Table 1: Three-dimensional (3D) T1ρ (A) and T2* (B) scanning parameter values. 

(A) 3D T1ρ imaging (B) 3D T2* imaging

Parameter Value Parameter Value 

Field-of-view (mm3) 
250 x 141 x 

96 
Field-of-view (mm3) 140 x 140 x96 

Acquired matrix size 
500 x 281 x 

32 
Acquired matrix size 

232 x 232 x 

24 

Image orientation Sagittal Image orientation Sagittal 

Reconstructed matrix 

size 

512 x 512 x 

64 

Reconstructed matrix 

size 

320 x 320 x 

48 

Reconstructed voxel size 

(mm3) 

0.49 x 0.49 x 

1.5 

Reconstructed voxel size 

(mm3) 

0.44 x 0.44 x 

2.00 

Time of recovery (ms) 2150 Echo times (ms) 
0.42, 1, 5, 15, 

30 

Spin-lock times (ms) 0, 10, 40, 80 Repetition time (ms) 50 

Echo time (ms) 5.1 Flip angle (o) 8 

Repetition time (ms) 10 
Spiral acquisition 

window (ms) 
2.9 

Flip angle maximum (o) 70 
Number of spiral 

interleaves 
93 

Acquisition time 9 min 11 s Fat suppression SPIR 

Bandwidth per pixel 

(Hz/pix) 
287.4 

Acquisition duration 

B0 shimming 

9 min 19 s 

PB-volume 

TFE factor 92 

Spin-lock frequency 

(Hz) 
500 

Compress Sensing factor 3.2 

TFE profile order Low-high 

TFE turbo direction Radial 

Fat suppression ProSet-1331 
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B0 Shimming PB-volume    

 

 

 

 

 

Post-Processing 

 Tibial and femoral subchondral bone and articular cartilage surfaces were 

segmented manually in the sagittal plane, on the 0 ms spin lock time for T1ρ, and the 5.0 

ms echo time for T2*, using a Cintiq interactive pen display and touch tablet (Wacom, 

Toyonodai, Kazo-shi, Saitama Japan) and OsiriX medical imaging software (Bernex, 

Switzerland) (15). Segmentations were imported into custom MATLAB (The MathWorks 

Inc., Natick, MA) software for post-processing (16). Every acquisition’s spin lock (T1ρ) / 

echo (T2*) times were registered together using a 3D rigid body translation and rotation 

with ELASTIX (17-19). Image volume registrations were performed to the corresponding 

spin lock / echo time on which segmentations were done for each respective scan. Three 

scans were omitted from analysis due to poor image volume registrations.  

Several ROIs of differing size were defined for analysis utilizing the articular 

cartilage segmentations (Fig. 2). The largest ROI was the full tibial and femoral cartilage 

ROIs combined, including both medial and lateral compartments (Fig. 2B). (The 

trochlear cartilage on the femur was excluded to match its exclusion when split into 

medial and lateral compartments.) Next, the femoral cartilage ROI included both medial 
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and lateral compartments (Fig. 2C), as did the tibial cartilage ROI (Fig. 2D). Then, each 

bone and compartment were isolated for the lateral femoral cartilage (Fig. 2E), medial 

femoral cartilage (Fig. 2F), lateral tibial cartilage (Fig. 2G), and medial tibial cartilage 

(Fig. 2H). The smallest ROI was a 6 mm radius cylinder, referred to as a “plug”, that was 

defined by the centroid of the tibiofemoral contact area with the long axis of the cylinder 

aligned with the inferior-superior directed axis of the imaging volume (13). A single plug 

was generated for both the lateral and medial compartments that included both tibial and 

femoral articular cartilage. The articular cartilage voxels contained in the plugs were split 

into lateral femoral (Fig. 2I), medial femoral (Fig. 2J), lateral tibial (Fig. 2K), and medial 

tibial (Fig. 2L) cartilage. Last, each of the plugs and individual bone-compartments (i.e., 

Fig. 2E-L) was also further split into deep (50 percent of the cartilage adjacent to the 

subchondral bone) and superficial (50 percent of the cartilage adjacent to the surface) 

laminar layers.  
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Figure 2: Articular cartilage segmentations in each region of interest (ROI) illustrated in 

blue, with ROI size decreasing from top to bottom rows. The top two rows show full-

surface ROIs, and the bottom row shows 6 mm plug ROIs. The 6 mm plug ROIs were 

formed from a cylindrical “plug” at the centroid of the tibiofemoral contact area in each 

compartment with a radius of 6 mm. Additional ROIs with the articular cartilage divided 

into deep and superficial layers are not shown. 

 

A mono-exponential fit was applied to each voxel within an ROI to calculate 

relaxation times using the Levenberg-Marquardt algorithm (20,21) for both T1ρ and T2*. 

The average of all included pixel relaxation times within a ROI was calculated and used 

to generate an overall relaxation time for each ROI.    

Statistical Analysis 

Interclass correlation coefficients (ICCs) for mean relaxation times in each ROI 

were calculated, using both between-leg and between-visit variance components in the 

error term of the ICC formula. These ICCs were calculated for T1ρ and T2* relaxation 

times for both the unloaded and loaded conditions for each ROI. 

 Descriptive statistics (means/standard deviations) for T1ρ and T2* by knee (left 

and right) and by visit (time points 1 and 2) were generated for both the unloaded and 

loaded conditions for each ROI. Comparisons of mean T1ρ and mean T2* relaxation 

times between left and right knees and between visits, for both the unloaded and loaded 

conditions of each ROI, were done using mixed model repeated measures analyses of 

variance. For these models, the random effect was subject, and the repeated measures, 

and fixed effects, were leg and visit, correspondingly. All statistical analyses were done 

using SAS version 9.4 statistical analysis software (SAS Institute, Inc., Cary, NC, USA). 

Statistical significance level alpha was set a priori to 0.05.  
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Results 

ICC Analyses for Comparison Between Visits 1 and 2: 

T1ρ  

Analysis of the visit-to visit T1ρ relaxation times for the unloaded femur and tibia 

ROI (picture in Fig. 2B) produced an ICC value that was 0.55, and the loaded condition 

was 0.69 (Fig. 3). The unloaded tibia had ICC values that ranged from 0.31 to 0.62 for 

the combined and individual compartments (Fig. 2D, G/H) and from 0.31 to 0.72 for the 

plugs (Fig. 2K/L). The tibia in the loaded condition had ICC values that ranged from 0.46 

to 0.77 for the combined and individual compartments and from 0.42 to 0.76 for the 

plugs. For the femur, in the unloaded condition, ICC values ranged from 0.31 to 0.39 for 

the combined and individual compartments (Fig. 2C, E/F) and from 0.13 to 0.36 for the 

plugs (Fig. 2I/J). The loaded femur ICC values ranged from 0.29 to 0.75 for the 

combined and individual compartments and between 0.22 and 0.41 for the plugs.  

 



 
 

11 
 

 

Figure 3: T1ρ intraclass correlation coefficients (ICCs) including left-right leg variance 

for unloaded and 40% body weight loaded conditions. Letters on top of the bars signify 

the cartilage layer: “C” for the combined (deep and superficial) cartilage layers, “D” for 

the deep cartilage layer, and “S” for the superficial cartilage. Tib: tibial cartilage. Fem: 

femoral cartilage. Med: medial. Lat: lateral. 

 

T2*  

Analysis of the visit-to-visit T2* relaxation times for the femur and tibia ROI 

resulted in an ICC value of 0.67 for the unloaded condition and 0.57 when loaded (Fig. 

4). The unloaded tibia had ICC values that ranged from 0.38 to 0.78 for the combined and 

individual compartments and 0.43 to 0.78 for the plugs. With the tibia in the loaded 

condition, ICC values ranged from 0.31 to 0.62 for the combined and individual 

compartments and 0.43 to 0.71 for the plugs. The unloaded femur ranged between 0.41 

and 0.69 for the combined and individual compartments and 0.23 to 0.82 for the plugs. 
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Finally, the ICCs associated with the loaded femur ranged from 0.38 to 0.48 for the 

combined and individual compartments and from 0.22 to 0.70 for the plugs. 

 

Figure 4: T2* intraclass correlation coefficients (ICCs) including left-right leg variance 

for unloaded and 40% body weight loaded conditions. Letters on top of the bars signify 

the cartilage layer: “C” for the combined (deep and superficial) cartilage layers, “D” for 

the deep cartilage layer, and “S” for the superficial cartilage. Tib: tibial cartilage. Fem: 

femoral cartilage. Med: medial. Lat: lateral. 

 

 

Mixed Model Repeated Measures Analyses of Variance for Comparisons Between 

Right and Left Knees and Visits 1 and 2: 

T1ρ  

 For T1ρ full volume (femur + tibia, femur, and tibia, Fig. 2B-D), five of the six 

comparisons of means between left and right knees for the combined layer ROIs across 

both unloaded and loaded conditions were statistically significant (Table 2: p-values 

ranged between 0.0001 and 0.045), with only the result for the loaded tibia being non-

significant. The mean relaxation times for the right knee were consistently greater than 
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the left knee for each ROI comparison. For ROIs by layer (deep/superficial, Fig. 2E-H), 

six of the eight comparisons of mean T1ρ full volume relaxation times between right and 

left knees for the unloaded condition were significantly different (p-values ranged 

between 0.0001 and 0.04), while three of the eight comparisons between knees for the 

loaded condition were significantly different (p-values ranged between 0.001 and 0.02). 

The right knee mean values were consistently greater than the left knee for each of these 

significant differences. For the T1ρ plug ROIs (Fig. 2I-L), four of the eight comparisons 

of mean relaxation times between knees for combined layer ROIs across both unloaded 

and loaded conditions were significantly different (p-values ranged between 0.001 and 

0.046), with the right knee mean relaxation time values consistently greater than the left 

knee for each comparison. For ROIs by layer (deep/superficial, Fig. 2I-L), six of the eight 

comparisons of mean T1ρ plug relaxation times between knees for the unloaded 

condition were significantly different (p-values ranged between 0.001 and 0.04), while 

three of the eight comparisons for the loaded condition were significantly different (p-

values ranged between 0.001 and 0.01). Again, the mean relaxation times associated with 

the right knee were consistently greater compared to the left knee for each of the 

significant findings. There were no significant differences in mean T1ρ full volume 

segmentation or T1ρ plug relaxation times between visits for any ROI across unloaded 

and loaded conditions. All results for comparisons between visits, and descriptive 

statistics by visit, for these measures are presented in the supplemental text (Tables S1 

and S2). 

T2* 
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For T2* full volume segmentations (femur + tibia, femur, and tibia, Fig. 2B-D), 

four of the six comparisons of mean relaxation times between legs for combined layer 

ROIs across both unloaded and loaded conditions were statistically significant (p-values 

ranged between 0.002 and 0.01), with only the results for unloaded femur and loaded 

tibia being non-significant, and with greater right leg mean values compared to the left 

for each comparison (Table 3). For ROIs by layer (deep/superficial, Fig. 2E-H), three of 

the eight comparisons of mean T2* full volume segmentations between legs for the 

unloaded condition were significantly different (p-values ranged between 0.004 and 

0.03), while only one of the eight comparisons for the loaded condition was significant 

(Lateral Femur Deep, p = 0.002). There were greater right leg mean relaxation values for 

each of these significant differences. For T2* plug (Fig. 2I-L), five of the eight 

comparisons of means between legs for combined layer ROIs across both unloaded and 

loaded conditions were significant (p-values ranged between 0.02 and 0.03), with greater 

right knee mean relaxation time values than the left in each case. For ROIs by layer 

(deep/superficial, Fig. 2I-L), five of the eight comparisons of mean T2* plug between 

legs for the unloaded condition were significantly different (p-values ranged between 

0.03 and 0.04), while three of the eight comparisons for the loaded condition were 

significant (p-values ranged between 0.02 and 0.04). The right leg mean relaxation values 

were greater than the left for each of these significant differences. There was only one 

significant difference in mean T2* plug between visits, with greater visit 1 mean 

relaxation times compared to visit 2 for the medial tibia ROI in the unloaded condition (p 

= 0.02). There were no significant differences in mean T2* full volume segmentations 

between visits. All analysis results for comparisons between visits, and descriptive 
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statistics by visit, for these measures are presented in the supplemental text (Tables S3 

and S4). 

Discussion 

 ICC analyses revealed a relatively high amount of variation between visits 1 and 2 

for T1ρ and T2* relaxation times, and this occurred between ROIs, as well as within an 

ROI when it was further divided into smaller regions. Further, many of the ICC values 

between visits associated with the tibia ROIs were considered fair or good, while the 

values for the femur were considered to have poor or fair reliability. This finding 

indicates that the cartilage associated with each bone should be analyzed separately and 

not as a combined ROI. The ROI size did not seem to have a direct connection to the ICC 

value as we initially hypothesized. Similarly, we observed a side-to-side difference in 

healthy knees that we did not hypothesize. On the other hand, the visit-to-visit differences 

were low and not significantly different aside from one ROI. Our study was unique in 

studying the reliability and repeatability in the deep and superficial layers separately, and 

this revealed the relaxation times associated with the superficial region of cartilage could 

be measured with more reliability than the deep regions. We also observed that the ICC 

values between visits for the loaded condition were more reliable than the unloaded 

condition, and this may have been produced by improved control of knee position and 

reduced movement of the subjects during scanning while in the loading device. 

For T1ρ in general, the tibia showed higher ICCs than the femur across the array 

of different ROIs (Fig. 3), with an average of 0.60 (tibia) compared to 0.33 (femur). The 

loaded condition also tended to be associated with higher ICCs with an average of 0.52 in 
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the loaded condition and 0.39 in the unloaded condition. Looking specifically at the 

laminar analysis, the superficial zone showed better ICCs than the deep zone with 

average values of 0.54 in the superficial layer and 0.35 in the deep layer. In general, T2* 

showed higher ICCs in the tibia when compared with the femur (Fig. 4), with an average 

of 0.58 for the tibia and 0.47 for the femur. This result agrees with the results found by 

Zhang et al. who also observed higher ICCs in the tibia compared to the femur (22). 

Conversely the T2* showed slightly higher ICCs in the unloaded condition (averaging 

0.56) when compared to the loaded condition (averaging 0.49). Lastly, as with T1ρ, the 

T2* relaxation times showed higher reliability in the superficial layer, averaging 0.58 

compared to 0.44 in the deep layer. Welsch et al. (23) suggests that T2* reliability is high 

in the patella. While other studies have shown higher reliability than the current MRI 

reliability study overall (10), we have shown that ROI selection plays a role in reliability. 

To our knowledge, this is the first report of reliability on normal knee articular cartilage 

T2* while the joint is subjected to compressive loading. 

The left-to-right knee differences in T1ρ and T2* relaxation times observed in this 

study contrasted with the small visit-to-visit differences in relaxation times. These small 

differences in relaxation values over time have also been observed in T1ρ relaxation 

times by Lartey et al. (24). It is also important for us to highlight for both qMRI 

acquisitions the relaxation times obtained from the right knee were consistently greater 

than the left knee. The magnitude of some of the left-to-right knee differences were 

similar to the magnitude of differences between normal and diseased knees associated 

with the onset and progression of PTOA (25). This finding provides evidence that there 

may be a limb sidedness effect, and therefore within knee cohort study designs, such as 
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longitudinal studies, may be more appropriate for investigations that use qMRI 

measurements. To further complicate the situation, Xie et al. highlighted small changes in 

inter and intra site relaxation times in phantoms (26). This work indicates that relaxation 

times may be affected by both position of the limb in the scanner and scanner 

manufacturer. Across all ROIs the mean differences in T1ρ relaxation times were 2.6 ms 

for left-to-right knee and 0.003 ms for visit-to-visit comparisons, while the differences in 

T2* relaxation times were 1.9 ms for left-to-right knee and -0.2 ms for visit-to-visit 

comparisons. These findings suggests that leg scanning order and offloading time may 

play an important role in qMRI relaxation times and should be considered and either 

controlled when creating study designs or considered in the statistical analysis. While the 

left-to-right differences were statistically significant, the percent change for the left to 

right differences across all ROIs were relatively small at 6.8% for T1ρ and 6.5% for T2*. 

The visit-to-visit differences were even smaller at .007% for T1ρ and .68% for T2*.  

These differences are critical to understanding the limits of qMRI measures when 

comparing knees over time or to the contralateral side. 

Prior to initiating the current study, we conducted a laboratory-based (i.e., without 

MRI) study to ensure consistent load application withing a 12-minute trial, between three 

trials during the same visit, between three visits on different days, between two 

examiners, and across ten participants. This work is presented in the supplemental text. 

(Participants provided written informed consent prior to participation in the IRB-

approved study.) We showed the ability to consistently apply an axial compressive load 

over time (see example force vs. time plot in Fig. S5) and between examiners, trials, and 

visits using a six degree-of-freedom force sensor placed at the foot pedal and in line with 
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the heel. The mean force for a trial was never greater than 0.02% BW between 

examiners, trials, and visits, with standard deviations between 1.0% and 1.1% BW across 

examiners, trials, and visits. This worked confirmed there were no appreciable off-axis 

loads or moments utilizing this loading device. This prior study used a 50% body weight 

load at 12-minute application intervals based on the work of Wang et al. (27). During this 

laboratory-based study, 20% of subjects showed limited tolerance to the load. 

Consequently, we reduced the load to 40% body weight for the study described herein. 

We also measured the motion of a marker affixed to the patella by taking photographs 

every two minutes, and we found the ~60% of the movement in the superior direction 

occurred in the first two minutes, with an average of 0.8 mm subsequently in the 2-12 

minutes range. Therefore, we felt it was important to keep the total time in loading device 

to the 12-minute interval due to subject tolerance, and we started scanning after two 

minutes of applying load, resulting in a ~10 minute scan. We then set the scanning 

parameters to acquire the best results in that time frame for the results described herein.  

We chose a 15-minute offloading time interval prior to acquisition of qMRI data 

based on the protocol described by Van Ginckel et al. (28). The protocol we used 

consistently acquired qMRI data from the left knee first followed by the right knee, as 

this is the standard protocol for our imaging center. Left knee acquisitions were initiated, 

on average 20.1 (± 5.7) minutes after the start of offloading and this was followed by the 

right knee acquisition that were initiated an average of 94.6 (± 9.6) minutes after the start 

of offloading. It is possible that the mechanism that produced the left-to-right knee 

differences in relaxation times is a result of this offloading time difference between 

knees. Alternatively, it is possible that the location of the left and right knees relative to 
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the center of the B0 magnetic field may have had an effect (29). Previous work done in 

phantoms, following identical scanning acquisition parameters to the current in vivo 

study revealed that a phantom positioned located in the same position in relation to 

isocenter as the left and right knees in the current study showed little variation in 

relaxation times (29). This suggests to us that the differences seen in our healthy human 

subjects may be coming from a different source than scanner location such as different 

offloading times for the left and right knees.  Moreover, this phantom work showed little 

to no variation in relaxation times of knee-sized phantoms over the time period of one 

week (29). Future work is needed to understand the apparent source of limb sidedness 

and its effect on qMRI relaxation times. 

Our study had strengths and potential limitations. Important strengths of our study 

included investigation of visit-to-visit reliability with the subject’s knee unloaded and 

loaded, and processing the articular cartilage of the tibia and femur with different ROIs. 

Not randomizing the order in which the knee was scanned provided valuable insight into 

the left-to-right differences in healthy subjects. Further we made every effort to control 

the time of day the qMRI scans were acquired, with an average of 53 minutes between 

the start times of visit 1 and visit 2 acquisitions. We also aimed to control the duration of 

off-loading of the knee prior to MRI acquisition, with an average of 3.9 minutes 

difference from visit 1 to visit 2. The most significant limitation of this study was the 

relatively small sample size. While an individual ROI may contain many voxels, more 

subjects would have provided more powerful insight into the referenced relationships. 

Last, the scanning parameters were set to ensure acquisition within the 12-minute loading 

window in our preliminary laboratory-based study (supplemental text) and that of Wang 
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et al. (24); however, longer scan times could have permitted improvements in signal-to-

noise ratio and subsequent improvements in ICCs and smaller differences between left 

and right knees. Increased scan time will come with an increased risk of subject 

discomfort and motion artifact. 

Conclusion 

 Overall, qMRI measures of T1ρ and T2* relaxation times had fair to good 

reliability between visits separated at time points 7 days apart, with the tibia having 

higher ICC values than the femur. We observed significantly smaller differences in the 

mean relaxation times between visits when compared to the larger differences in mean 

relaxation times seen between left and right knees. Finally, while ROI selection does not 

seem to directly relate to ICC and mean relaxation values, it does appear to differ 

throughout a selection of ROIs highlighting the need for stringent methodological 

consideration and analysis before accurate conclusions can be made from studies of 

healthy and diseased populations.  
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Appendix A- Supplemental Materials 
 

 

 

Figure S1: Illustration of the loading device developed previously and described by 

Ramsdell et al. [10] 
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Figure S2: Illustration of the loading platform identifying the air driven pistons that apply 

superiorly directed force to mimic weight bearing.  
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Figure S3: T1ρ intraclass correlation coefficients (ICCs) not including left-right leg 

variance for unloaded and 40% body weight loaded conditions. Letters on top of the bars 

signify the cartilage layer: “C” for the combined (deep and superficial) cartilage layers, 

“D” for the deep cartilage layer, and “S” for the superficial cartilage. Tib: tibial cartilage. 

Fem: femoral cartilage. Med: medial. Lat: lateral. 
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Figure S4: T2* intraclass correlation coefficients (ICCs) not including left-right leg 

variance for unloaded and 40% body weight loaded conditions. Letters on top of the bars 

signify the cartilage layer: “C” for the combined (deep and superficial) cartilage layers, 

“D” for the deep cartilage layer, and “S” for the superficial cartilage. Tib: tibial cartilage. 

Fem: femoral cartilage. Med: medial. Lat: lateral. 
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Fig. S5. Individual force profiles demonstrate small within-trial variability over the 12-

minute acquisitions. For clarity, only the trial with the median force of the examiners’ 

nine trials (three trials per day over three days) was plotted. Force profiles were plotted 

for Examiner 1 (gray line) and Examiner 2 (black line). 
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Table S1: Mean (standard deviation [SD]) T1ρ relaxation times (ms) for visit 1 and visit 2 

with no loading (See Fig. 3 for region of interest (ROI) definitions) with p-values for 

differences between visit 1 and visit 2. ROIs with “Deep” are the deep cartilage layer. 

ROIs with “Superficial” are the superficial cartilage layer. Otherwise, the ROIs are the 

full cartilage thickness. Significant differences (p<.05) shown in bold. 

 Visit 1 Visit 2  

Region of Interest 

Mean 

(SD) 

Mean 

(SD)  p-value 

Femur and Tibia 39.4 (2.9) 39.1 (2.5) 0.52 

Femur 39.0 (3.7) 38.1 (3.0) 0.33 

Tibia 40.5 (3.3) 41.2 (3.3) 0.24 

      

Lateral Femur Deep 33.1 (4.0) 31.8 (3.9) 0.24 

Lateral Femur Superficial 43.8 (3.9) 43.5 (3.1) 0.67 

Medial Femur Deep 33.8 (4.3) 32.5 (3.7) 0.32 

Medial Femur Superficial 43.8 (4.3) 43.4 (3.7) 0.66 

Lateral Tibia Deep 34.2 (4.5) 36.1 (3.7) 0.08 

Lateral Tibia Superficial 44.3 (3.6) 44.3 (3.2) 0.97 

Medial Tibia Deep 37.9 (6.3) 39.6 (6.5) 0.44 

Medial Tibia Superficial 45.6 (3.8) 44.9 (3.7) 0.32 

    
6 mm Plug Lateral Femur 32.8 (6.5) 30.8 (6.8) 0.22 

6 mm Plug Medial Femur 35.7 (7.5) 34.0 (6.3) 0.45 

6 mm Plug Lateral Tibia 37.0 (4.2) 38.3 (4.2) 0.08 

6 mm Plug Medial Tibia 42.4 (5.9) 43.9 (6.8) 0.32 

      

6 mm Plug Lateral Femur Deep 26.7 (7.4) 24.0 (8.3) 0.12 

6 mm Plug Lateral Femur 

Superficial 38.8 (6.9) 37.6 (6.0) 0.44 

6 mm Plug Medial Femur Deep 27.2 (8.2) 25.2 (6.6) 0.44 

6 mm Plug Medial Femur 

Superficial 43.9 (7.8) 42.5 (7.0) 0.48 

6 mm Plug Lateral Tibia Deep 30.2 (5.9) 31.6 (5.7) 0.23 

6 mm Plug Lateral Tibia 

Superficial 44.0 (3.8) 45.0 (3.8) 0.17 

6 mm Plug Medial Tibia Deep 38.3 (8.7) 40.2 (8.6) 0.49 

6 mm Plug Medial Tibia 

Superficial 46.7 (5.8) 47.7 (6.5) 0.20 
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Table S2: Mean (standard deviation [SD]) T1ρ relaxation times (ms) for visit 1 and visit 2 

loaded with 40% bodyweight (see Fig. 3 for region of interest (ROI) definitions) with p-

values for differences between visit 1 and visit 2. ROIs with “Deep” are the deep 

cartilage layer. ROIs with “Superficial” are the superficial cartilage layer. Otherwise, the 

ROIs are the full cartilage thickness. Significant differences (p<.05) shown in bold. 

 Visit 1 Visit 2  

Region of Interest Mean (SD) Mean (SD) p-value 

Femur and Tibia 40.2 (2.7) 40.1 (2.4) 0.84 

Femur 40.9 (3.3) 40.6 (2.7) 0.89 

Tibia 38.8 (3.5) 39.3 (4.3) 0.38 

      

Lateral Femur Deep 36.5 (3.7) 35.5 (4.1) 0.52 

Lateral Femur Superficial 45.2 (3.6) 44.7 (3.0) 0.44 

Medial Femur Deep 34.5 (4.2) 35.2 (4.7) 0.63 

Medial Femur Superficial 45.6 (4.4) 45.7 (3.9) 0.92 

Lateral Tibia Deep 31.2 (4.5) 32.3 (5.0) 0.37 

Lateral Tibia Superficial 43.7 (3.0) 44.1 (3.3) 0.27 

Medial Tibia Deep 34.0 (6.4) 35.7 (7.9) 0.36 

Medial Tibia Superficial 45.7 (3.8) 44.9 (4.3) 0.32 

    
6 mm Plug Lateral Femur 37.2 (4.7) 36.8 (5.8) 0.84 

6 mm Plug Medial Femur 41.2 (6.5) 39.7 (5.8) 0.62 

6 mm Plug Lateral Tibia 34.4 (3.7) 35.0 (4.8) 0.42 

6 mm Plug Medial Tibia 39.1 (7.0) 40.1 (7.5) 0.32 

      

6 mm Plug Lateral Femur Deep 31.4 (6.7) 31.6 (8.8) 0.98 

6 mm Plug Lateral Femur Superficial 42.9 (4.5) 41.9 (4.4) 0.52 

6 mm Plug Medial Femur Deep 34.3 (8.4) 32.3 (7.8) 0.56 

6 mm Plug Medial Femur Superficial 47.7 (6.8) 46.8 (6.0) 0.89 

6 mm Plug Lateral Tibia Deep 27.3 (5.2) 28.5 (6.4) 0.37 

6 mm Plug Lateral Tibia Superficial 41.6 (3.4) 41.5 (3.8) 0.94 

6 mm Plug Medial Tibia Deep 32.3 (9.3) 35.1 (10.9) 0.20 

6 mm Plug Medial Tibia Superficial 46.1 (6.3) 45.2 (6.3) 0.54 
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Table S3: Mean (standard deviation [SD]) T2* relaxation times (ms) for visit 1 and visit 2 

with no loading (see Fig. 3 for region of interest (ROI) definitions) with p-values for 

differences between the left and right legs. ROIs with “Deep” are the deep cartilage layer. 

ROIs with “Superficial” are the superficial cartilage layer. Otherwise, the ROIs are the 

full cartilage thickness. Significant differences (p<.05) shown in bold. 

 Visit 1 Visit 2  
Region of Interest Mean (SD) Mean (SD) p-value 

Femur and Tibia 29.1 (2.0) 29.2 (22) 0.72 

Femur 30.4 (2.4) 31.0 (2.6) 0.30 

Tibia 26.5 (1.9) 26.0 (1.9) 0.24 

      

Lateral Femur Deep 24.7 (2.4) 25.7 (2.7) 0.29 

Lateral Femur Superficial 34.6 (3.1) 35.0 (3.0) 0.53 

Medial Femur Deep 26.3 (2.2) 26.9 (2.2) 0.42 

Medial Femur Superficial 35.3 (4.3) 35.9 (4.3) 0.48 

Lateral Tibia Deep 23.5 (3.0) 23.1 (2.9) 0.46 

Lateral Tibia Superficial 32.1 (2.3) 31.7 (2.3) 0.47 

Medial Tibia Deep 23.1 (2.8) 22.4 (2.4) 0.16 

Medial Tibia Superficial 26.7 (2.5) 26.3 (2.9) 0.35 

    
6 mm Plug Lateral Femur 23.9 (3.3) 25.1 (3.8) 0.28 

6 mm Plug Medial Femur 30.8 (6.8) 31.5 (6.4) 0.53 

6 mm Plug Lateral Tibia 23.7 (2.4) 23.6 (2.3) 0.87 

6 mm Plug Medial Tibia 28.4 (4.9) 27.2 (5.2) 0.02 

      

6 mm Plug Lateral Femur Deep 18.8 (4.2) 20.1 (4.3) 0.23 

6 mm Plug Lateral Femur Superficial 29.1 (3.8) 30.1 (4.1) 0.41 

6 mm Plug Medial Femur Deep 24.0 (6.4) 25.2 (4.8) 0.23 

6 mm Plug Medial Femur Superficial 37.4 (8.5) 37.6 (8.9) 0.89 

6 mm Plug Lateral Tibia Deep 19.3 (3.2) 18.9 (2.8) 0.50 

6 mm Plug Lateral Tibia Superficial 28.0 (2.4) 28.3 (2.8) 0.66 

6 mm Plug Medial Tibia Deep 24.9 (4.8) 23.8 (4.7) 0.10 

6 mm Plug Medial Tibia Superficial 32.2 (5.9) 30.9 (6.5) 0.06 
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Table S4: Mean (standard deviation [SD]) T2* relaxation times (ms) for visit 1 and visit 2 

loaded with 40% bodyweight (see Fig. 3 for region of interest (ROI) definitions) with p-

values for differences between the left and right legs. ROIs with “Deep” are the deep 

cartilage layer. ROIs with “Superficial” are the superficial cartilage layer. Otherwise, the 

ROIs are the full cartilage thickness. Significant differences (p<.05) shown in bold. 

 Visit 1 Visit 2  
Region of Interest Mean (SD) Mean (SD) p-value 

Femur and Tibia 31.6 (1.9) 31.1 (2.5) 0.13 

Femur 34.3 (2.4) 34.0 (2.9) 0.47 

Tibia 26.4 (1.9) 25.8 (2.4) 0.10 

      

Lateral Femur Deep 32.1 (3.4) 31.6 (4.9) 0.59 

Lateral Femur Superficial 35.4 (3.2) 35.2 (4.2) 0.78 

Medial Femur Deep 32.0 (3.7) 31.7 (5.0) 0.82 

Medial Femur Superficial 37.6 (3.6) 36.4 (5.3) 0.26 

Lateral Tibia Deep 22.6 (2.8) 21.7 (3.1) 0.16 

Lateral Tibia Superficial 34.0 (2.9) 32.7 (4.2) 0.14 

Medial Tibia Deep 20.4 (2.3) 20.2 (2.4) 0.72 

Medial Tibia Superficial 28.0 (2.2) 27.3 (3.6) 0.32 

    
6 mm Plug Lateral Femur 33.9 (6.1) 33.5 (8.8) 0.91 

6 mm Plug Medial Femur 39.3 (6.7) 39.7 (8.1) 0.77 

6 mm Plug Lateral Tibia 23.6 (3.0) 22.9 (2.6) 0.16 

6 mm Plug Medial Tibia 27.6 (3.4) 26.7 (4.7) 0.19 

      

6 mm Plug Lateral Femur Deep 32.4 (10.2) 33.4 (14.0) 0.56 

6 mm Plug Lateral Femur Superficial 35.5 (4.9) 34.3 (5.3) 0.48 

6 mm Plug Medial Femur Deep 37.3 (8.9) 38.5 (9.7) 0.56 

6 mm Plug Medial Femur Superficial 41.4 (7.6) 41.0 (9.6) 0.85 

6 mm Plug Lateral Tibia Deep 18.9 (2.9) 18.5 (2.5) 0.39 

6 mm Plug Lateral Tibia Superficial 28.4 (3.5) 27.5 (3.1) 0.14 

6 mm Plug Medial Tibia Deep 22.6 (3.3) 22.1 (3.9) 0.52 

6 mm Plug Medial Tibia Superficial 32.9 (5.2) 31.5 (6.5) 0.12 
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Table 1: Three-dimensional (3D) T1ρ (A) and T2* (B) scanning parameter values. 

(A) 3D T1ρ imaging  (B) 3D T2* imaging 

Parameter Value  Parameter Value 

Field-of-view (mm3) 
250 x 141 x 

96 

 
Field-of-view (mm3) 140 x 140 x96 

Acquired matrix size 
500 x 281 x 

32 

 
Acquired matrix size 

232 x 232 x 

24 

Image orientation Sagittal  Image orientation Sagittal 

Reconstructed matrix 

size 

512 x 512 x 

64 

 Reconstructed matrix 

size 

320 x 320 x 

48 

Reconstructed voxel size 

(mm3) 

0.49 x 0.49 x 

1.5 

 Reconstructed voxel size 

(mm3) 

0.44 x 0.44 x 

2.00 

Time of recovery (ms) 2150 
 

Echo times (ms) 
0.42, 1, 5, 15, 

30 

Spin-lock times (ms) 0, 10, 40, 80  Repetition time (ms) 50 

Echo time (ms) 5.1  Flip angle (o) 8 

Repetition time (ms) 10 
 Spiral acquisition 

window (ms) 
2.9 

Flip angle maximum (o) 70 
 Number of spiral 

interleaves 
93 

Acquisition time 9 min 11 s  Fat suppression SPIR 

Bandwidth per pixel 

(Hz/pix) 
287.4 

 Acquisition duration 

B0 shimming 

9 min 19 s 

PB-volume 

TFE factor 92   
 

Spin-lock frequency 

(Hz) 
500 

  

 
Compress Sensing factor 3.2    
TFE profile order Low-high    
TFE turbo direction Radial    
Fat suppression ProSet-1331    
B0 Shimming PB-volume    
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